One contribution of 17 to a theme issue 'Provocative questions in left -right asymmetry'. Conspicuous asymmetries seen in many animals and plants offer diverse opportunities to test how the development of a similar morphological feature has evolved in wildly different types of organisms. One key question is: do common rules govern how direction of asymmetry is determined (symmetry is broken) during ontogeny to yield an asymmetrical individual? Examples from numerous organisms illustrate how diverse this process is. These examples also provide some surprising answers to related questions. Is direction of asymmetry in an individual determined by genes, environment or chance? Is direction of asymmetry determined locally (structure by structure) or globally (at the level of the whole body)? Does direction of asymmetry persist when an asymmetrical structure regenerates following autotomy? The answers vary greatly for asymmetries as diverse as gastropod coiling direction, flatfish eye side, crossbill finch bill crossing, asymmetrical claws in shrimp, lobsters and crabs, katydid sound-producing structures, earwig penises and various plant asymmetries. Several examples also reveal how stochastic asymmetry in mollusc and crustacean early cleavage, in Drosophila oogenesis, and in Caenorhabditis elegans epidermal blast cell movement, is a normal component of deterministic development. Collectively, these examples shed light on the role of genes as leaders or followers in evolution.
Introduction: direction of asymmetry (a) Background
Conspicuous phenotypic differences are usually thought to be associated with genes for alternative phenotypes. In the case of left-right asymmetries, however, the most obvious difference between phenotypes-direction of asymmetry-is sometimes heritable and sometimes not. In some cases it may even be directly induced by the environment. Because left-right asymmetries have evolved independently in a wide array of animals and plants [1] [2] [3] [4] [5] , they provide an attractive system for studying the contribution of genes, environment and chance to the developmental origins and subsequent evolution of novel phenotypic variation.
Whether they be studies of development, function or evolution of left-right asymmetries, two fundamental questions inevitably arise: (i) why is one side different from the other (i.e. what causes or favours asymmetry in general), and (ii) why is the side that 'differs' on the right versus the left (i.e. what causes or favours asymmetry in a particular direction [6] )? These questions can apply at either the individual level, or the population or species level. In this review, I will focus primarily on the factors that cause asymmetry to be oriented in a particular direction during development of an individual by examining clues from a variety of model and non-model organisms.
Much has been written about the diversity of developmental routes to leftright asymmetry in animals ( [7] [8] [9] [10] and references therein) and plants [11] [12] [13] . One common theme emerges from studies of molecular mechanisms: asymmetry at the macroscopic level can often be traced back to subcellular (e.g. cytoskeletal) asymmetries, a connection expected on theoretical grounds [10, 14, 15] . But these studies focus almost exclusively on model taxa with fixed asymmetries (little or no variation within species) where development of asymmetry is deterministic. The random asymmetries seen in many animals and plants [4, 5, 16] continue to pose a puzzle: if symmetry breaking is not coupled to subcellular asymmetry, how is asymmetry oriented developmentally to the right or left in these organisms?
(b) Types of left -right asymmetries: helical and bilateral
In most organisms, conspicuous left-right asymmetries manifest either as (i) helices or spirals or (ii) alternate bilateral forms where one side of the body is not a mirror image of the other across a midplane. Both have two states, right-handed (dextral ¼ clockwise) or left-handed (sinistral ¼ anticlockwise), and therefore both depend on some mechanism to specify direction of asymmetry during development. Helices and spirals coil about a single axis. Helix coiling direction is (arbitrarily) called right-handed (dextral) if the motion tracing out the helix from the near end to the far end from the viewer's perspective is clockwise, and left-handed (sinistral) if that motion is anticlockwise (figure 1a-1) [17] . In a true helix, the diameter does not change along its length (figure 1a-1). Gastropod shells coil in a helicospiral, where helix diameter increases progressing from the apex to the aperture. Conveniently, in dextral (right-handed) snails, the aperture is to the right when the apex is up ( figure 1a-3) .
In bilateral asymmetries, right and left sides are on opposite sides of a midplane [6] . In animals, this plane is defined by two body axes, the antero-posterior (AP) axis and the dorsoventral (DV) axis. By convention, the right side is the side to the right of the AP axis when viewed from a dorsal perspective with the anterior end facing forward or up (i.e. it is defined from the perspective of the organism itself) [18] . In plant flowers, however, the naming convention is different: the right side is defined from the perspective of an observer facing a mature flower [19] . Although disorienting from a developmental perspective, this practical convention avoids the considerable confusion that arises where the floral midplane rotates during emergence by 908 (transversely zygomorphic flowers [20] ) or 1808 or more (resupinate flowers [21] ).
Much is now known about how the axes that define the midplane are patterned. Across vertebrates, the two body axes (AP and DV) are patterned by a combination of Nodal and BMP signalling [22, 23] . More broadly, although the functions of some components vary, the Chordin -BMP pathway appears to pattern the DV axis in most animals [24] . Improbable as it might seem, the midplane defined by these axes can be remarkably crisp (figure 6a), so it is more than just a hypothetical construct.
(c) Alternative models of symmetry breaking
Although much still remains to be learned, two fundamentally different models of symmetry breaking have emerged (figure 1). Direction of asymmetry may be determined during development either (i) by subcellular chirality effects on cellular biophysics very early in development (Model I) or (ii) by an asymmetric signal on one side of the body later in development (Model II). Symmetry breaking during development (A in figure 1 ) is therefore tied directly to subcellular asymmetries in Model I, but the initial asymmetric signal in Model II can arise from at least three sources: asymmetric gene expression (itself possibly biased by subcellular asymmetries), asymmetric effects of environment (can be random but can be biased towards one side experimentally), or chance (purely stochastic, cannot be biased towards one side experimentally).
Where an egg or early embryo is already chiral, no asymmetric signalling is required to determine direction of asymmetry (Model I, figure 1a). In some animal groups, the earliest embryos are already chiral [25] and sometimes even the egg cytoplasm is chirally arranged around the animal-vegetal axis [26] (stage 1). In these cases, direction of adult asymmetry may be considered an emergent property of egg or early embryo chirality. In extreme cases, no developmental 'decisions' are made about rightness or leftness at all during development, because direction of asymmetry is preordained in the egg itself.
If the early embryo is not already chiral, then the ontogeny of asymmetry in an individual depends on whether the asymmetry is in a paired bilateral trait or due to lateral displacement or twisting of a medial structure.
Paired, bilateral traits must pass through four developmental stages (Model II, figure 1b), regardless of whether direction of asymmetry is fixed (all individuals within a species asymmetric in the same direction) or random (equal numbers of right-and left-sided individuals within a species). Stage 0: the right and left sides become defined in the early embryo as soon as the AP and DV axes define the midplane (see §1b). At this stage, each side has the potential to develop via either a default developmental programme (d) or a Transformed developmental programme (T), but no asymmetry yet exists. Stage 1: symmetry is broken later in Figure 1 . Two alternative models of the developmental origins of symmetry breaking (A) during the ontogeny of left -right asymmetry. (a) Model I, cellular biophysics. Stage 1, subcellular chirality (asymmetry, A) already exists in the early embryo; stage 2, the orientation of early cleavage stages or cell movements are biased by the pre-existing subcellular chirality, stage 3, development proceeds to yield an asymmetric phenotype whose direction of asymmetry was pre-determined in the egg or early embryo. (b) Model II, asymmetric signalling. Stage 0, in the early embryo each side has the potential to develop via either a default (d) or a Transformed (T) developmental programme; stage 1, an asymmetric signal of some type (A) initiates the developmental programme to transform (T) on one side; stage 2, initiation of programme T on one side overrides the default developmental programme (d) on that side and also suppresses (S) the transformation programme (T) on the opposite side; stage 3, development proceeds to yield an asymmetric phenotype, where the transformed phenotype (T) is only fully expressed on one side. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150417 ontogeny when some asymmetric signal (A) initiates the Transformed programme (T) on one side of the body. Stage 2: once initiated on one side, the Transformed programme (T) has two immediate effects. First, it replaces and thereby effectively inactivates the default developmental programme (d) on that side. Second, it must somehow inhibit the Transformed programme (T) on the opposite side, otherwise both sides could potentially begin to transform and yield a symmetrical (doubly transformed) phenotype. Stage 3: one of the two potential developmental programmes on each side of the body (d or T) has been inactivated, so that one side follows the default developmental pathway (d) and the other the Transformed pathway (T), which ultimately yields an asymmetrical phenotype.
The development of asymmetries in medial structures that deviate to one side of the body, or that twist, may not neatly follow either model. Vertebrate visceral asymmetries illustrate this nicely. In chickens, transient leftward tissue migration across the midline determines the direction of heart asymmetry before the Nodal signalling cascade is activated [27] . This leftward tissue migration may very well be biased by subcellular chiralities [28] (more consistent with Model I). The direction of heart asymmetry in mice, however, appears to be initiated by an asymmetric signal (left-sided Nodal expression) that in turn inhibits right-sided Nodal expression via Lefty [29] (more consistent with Model II). Finally, although an asymmetric signal (Model II, stage 1) may initiate bending or twisting of a medial structure, no inhibition may be needed (Model II, stage 2) because once bending or twisting starts, the direction of asymmetry is fixed (i.e. alternate default and Transformed programmes need not exist on opposite sides of the body).
In this review, I will focus primarily on the signal that initiates the Transformed programme (T) on one side of the body. Clearly, some kind of signal (A in figure 1b ) is required to induce one side to transform so that it differs from the other. As will become apparent below, the source of that signal during development appears to vary greatly among organisms: it can be a deterministic effect of genes, a deterministic effect of environment or purely stochastic. (a) Gastropod shell coiling direction: alternative alleles for right, left and stochastic
Genetic determination of direction of asymmetry
The much beloved story about inheritance of coiling direction in gastropods is rather murkier on closer inspection (figure 2). First, instead of two alleles (right and left) three alleles are now known (right, left and stochastic). Second, dominance relations among these alleles vary: the stochastic allele appears to be consistently recessive regardless of whether the wildtype allele is right or left, but whether the right or left allele is recessive in species with only right and left alleles depends on the group. Having said this, in all six species where polymorphism is rare the dominant allele is the one for the wild-type phenotype. Third, left alleles and stochastic alleles have evolved multiple times, as have dextral alleles in typically sinistral families [42] , so the genetic determination of coiling direction in gastropods appears to be quite labile. The original single-gene model for shell coiling direction in Lymnaea [43] was muddied by the puzzling occurrence of 'dextral breakthroughs': occasional spontaneous appearance of dextral offspring in supposedly homozygous recessive sinistral lineages [44] . But careful breeding experiments later revealed that dextral breakthroughs arise from recombination, most probably between two point mutations on the same gene [32] .
Some 93 years after its genetic basis was discovered, coiling direction in Lymnaea stagnalis was finally linked to a diaphanous-related formin gene that affects the egg cytoskeleton [26] . Nonetheless, the diversity of alleles (right, left and stochastic) and the variable dominance relations in other gastropod species (figure 2), coupled with the curious observation that sinistral spiral cleavage is not a mirror image of [45] , suggests that no simple one-to-one mapping exists between coiling direction and a particular subcellular chirality (Model I, figure 1 ) in all gastropods.
(b) Flatfish eye side: weak or polygenic inheritance
The inheritance of whole-body asymmetry in the normally polymorphic starry flounder (Platichthys stellatus) is either polygenic or has a large environmental component [46] (table 1) . Off the west coast of the USA, right-eyed and left-eyed forms are roughly equally common, whereas Japanese fish from the western Pacific are almost exclusively left-eyed [47] . Overall, eye side is about 70-80% heritable (table 1f ) (table 1c) . Heritability is bit higher among Japanese parents (85%) compared with US parents (68%) (table 1a,b), but the geographical origin of the female parent has surprisingly little effect on heritability in trans-Pacific crosses: 81% versus 78% (table 1d,e). Because direction of asymmetry is not consistently random throughout the species' range, some heritability of eye-side variation is expected. The rather consistent eye-side frequencies in multiple crosses between parents of the same phenotype, and the similar contribution of male and female parents, suggests either that many loci are involved or that a smaller number of loci experience variable penetrance.
(c) Bill crossing direction in crossbill finches: not inherited
Crossbill finches (Loxia sp.) are unusual among birds because their upper beak crosses dramatically to one side or the other of the lower beak [48] . In most species, direction of bill crossing is close to random, although the upper bill crosses to the left more frequently in the white-winged crossbill (L. leucoptera) [49] . A modest series of crosses in white-winged (L. leucoptera), red (L. curvirostra) and parrot (L. pytyopsittacus) crossbills, revealed no strong signal that direction of bill crossing was inherited [48] , consistent with the general pattern that direction of asymmetry is almost never inherited in cases of random asymmetry [3] .
(d) Plant asymmetries: both inherited and not inherited
Many plants exhibit random asymmetry of various characters, including seedling handedness, leaf rolling orientation and spiral orientation of support structures and flowers on inflorescences [2] . In nearly all cases of random asymmetries where crossing has been tried, direction of asymmetry is not inherited [3] . The one known exception is direction of style bend in Heteranthera flowers, where direction of bending is controlled by a single locus with right-bending dominant [50] . This remarkable exception nonetheless provides a powerful test of whether genes are leaders or followers in the evolutionary origin of left-right asymmetry and could offer valuable insights into how genes somehow 'capture' pre-existing phenotypic variation [3] (see §6). Rather fewer studies have been done on whether direction of asymmetry is inherited in plants where asymmetry variation is not random. The most striking are studies of seed-pod coiling direction in Medicago species. In some species, pods coil dextrally and in others sinistrally. Curiously, in dextrally coiled species, occasional sinistral variants are known, whereas dextral variants are virtually unknown in sinistral species [51] . In two dextrally coiled species, M. tuberculata and M. litoralis, coiling direction is controlled by two alleles at single locus with dextral dominant [51] . Therefore, as in snails, the dominant allele corresponds to the predominant phenotype in natural populations.
In laboratory mutants of Arabidopsis, different alleles for a-tubulin, B-tubulin or microtubule-associated proteins yield helical growth in roots, hypocotyls, petioles and petals [11, 52] . In these cases, the mutant is spiral but the wild-type is symmetric. Some alleles cause a dextral spiral, others cause a sinistral spiral, although alleles for sinistral growth typically override those for dextral epistatically. Whether these mutants have analogues in natural populations, however, remains to be seen.
Environmental determination of direction of asymmetry
Animals rarely find themselves living in a predictably asymmetric environment, so how could environmental effects bias asymmetry in a particular direction? One familiar environmental effect is handed behaviour, where some individuals Table 1 . Inheritance of eye-side direction in polymorphic starry flounder (Platichthys stellatus): percentage of left-eyed offspring from various crosses [46] . M, male; F, female; Jap, Japan; US, United States west coast; N, number of offspring; crosses, number of separate crosses. are right-handed and others left-handed. Handed behaviour occurs when one side is used consistently more than the other and this difference in use level could serve as the asymmetric signal (A in figure 1b ) that initiates an asymmetric developmental programme. Significantly, even though the preferred side may vary at random the phenotypic effects of handed behaviour are predictable: greater use of one side initiates transformation of that side. This differs from purely stochastic determination of asymmetry (see §4), where direction of asymmetry cannot be biased towards one side.
(a) Lobsters: handed behaviour and direction of asymmetry
Perhaps the most compelling evidence that handed behaviour, or differential use of one side, can induce morphological asymmetry comes from C. K. Govind's studies of claw asymmetry in American lobsters, Homarus americanus (summarized in [53] ). Most lobsters have a large crusher on one side and a smaller cutter on the other (figure 6). However, newly settled lobsters possess two cutter-type claws and retain them through the first five juvenile instars (figure 3a). Transformation of a cutter type into a crusher type on one side starts abruptly at instar 6. This dramatic, qualitative change renders the lobster system ideal for studying the factors that initiate crusher-claw transformation on one side. Govind's many experiments with juvenile lobsters yield two important conclusions: (i) greater activation of mechanoreceptors (or possibly proprioceptors) in one claw induces it to transform from a cutter type into a crusher type that in turn inhibits transformation of the other claw (Model II, figure 1b) and (ii) initiation of claw transformation is restricted to a narrow time window during (or close to) instar 5.
Differential use of one claw is critical. First-and most significantly-in the absence of sufficient stimulation, most individuals (more than 85%) never develop a crusher claw ('no chips', figure 3b and table 2a) and therefore lack a crusher claw for life. The mere addition of oyster chips (a claw-activity stimulus) to culture bowls induces a crusher claw to develop in 95% of individuals ( figure 3b and table 2g ). Addition of other stimuli (other substrata, a single oyster chip, a second lobster) induces crusher claws at somewhat lower rates (70-90%) but nonetheless at much higher rates than no stimulus at all (figure 3b). Clearly, some kind of stimulus is required to initiate transformation to a crusher even though transformation of the right or left claw occurs at random (open bars, figure 3b).
The timing is also critical: differential claw use must be during or close to instar 5. Adding a claw-activity stimulus (oyster chips) during instar 5 induces asymmetrical claws in nearly 100% of individuals, whereas fewer than 10% develop a crusher claw if the stimuli are presented only during instars 4 or 6 (solid bars, figure 3c). Similarly, removing claw-activity stimuli only during instar 5 yields many fewer lobsters with crusher claws, whereas removing the stimuli only during instar 4 or instar 6 has little effect on the numbers of transforming lobsters (open bars, figure 3c). Finally, claw-activity stimuli must be present for 4 days or more during instar 5 to ensure development of a crusher claw (figure 3d ). Experimental manipulations of one claw during instar 5 when claw-activity stimuli are present narrows down the kinds of differential activity that can bias crusher transformation to one side. For example, removal of one claw does induce a crusher claw on the opposite side if claw-activity stimuli (oyster chips) are present (table 2i ). In addition, removing the movable finger (dactyl) on one side induces a high proportion (84%) of crusher claws on the other side (table 2h). Impairing the activity of both claws simultaneously, via autotomy of one claw and severing the movable finger or the tendons of the closer and opener muscles of the other, yields a dramatic reduction in the number of crusher claw transformations (table 2j-l ).
The inhibition of transformation of the opposite side, once one side has transformed into a crusher claw is nearly perfect: 'In over 15 years of rearing approximately 2000 lobsters, we have not encountered the double-crusher configuration' [53] . The lobster claw system therefore illustrates particularly clearly the Model II mode of symmetry breaking (figure 1b).
(b) Katydids: handed behaviour preceded asymmetry in sound-producing structures
Handed behaviour in a symmetrical ancestor may have preceded handed morphology evolutionarily in the soundproducing file-scraper system of katydids (Tettigonoidea) [59, 60] . Tettigoniid katydids show a clear morphological asymmetry: the left wing cover with the file overlaps the right wing cover with the scraper. However, in the Haglidae (sister group to tettigoniid katydids) both right and left wing covers of an individual bear a file, but only one file at a time is used to sing [59] . Singing by an individual is therefore necessarily a handed behaviour [59] , although it would be interesting to know whether an individual haglid katydid consistently crosses one wing over the other. Finally, file development, at least in locusts, 'is in part directly due to the stimulus from the friction of one wing over the other' [61] , so handed singing behaviour could easily amplify morphological asymmetry.
(c) Earwigs: right-handed penis use preceded penis asymmetry
Tantalizing evidence suggests that handed penis use preceded the evolutionary reduction and loss of one penis in earwigs (Dermaptera) [62, 63] . Males in all five basal earwig families possess two penises, whereas those in the most derived clade (three families in the Eudermaptera) possess only the right penis. In four of the five basal families, the right or left penis is used (or positioned for mating) at random within species [62, 64] . This handed behaviour appears not to be heritable [65] . Remarkably, males in the family that is sister group to the right-penis-only Eudermaptera exhibit a pronounced preference to use the right penis, even though two fully functional penises are present [62] . Kamimura's studies provide some of the clearest evidence yet of how a directional handed behaviour may have facilitated evolution of a directional morphological asymmetry.
Stochastic determination of direction of asymmetry
In the ongoing quest for deterministic explanations such as asymmetric gene expression or predictable environmental 
of direction of asymmetry. Unlike environmental effects (see §3), however, direction of asymmetry cannot be biased by manipulating growth conditions during development of these types of asymmetries.
In Model I (figure 1a), cytoskeletal chirality might spontaneously take one of two stable states: dextral or sinistral, like the random orientation of microtubules that rotate Drosophila eggs during development to ensure proper egg shape and orientation of the AP axis [66, 67] . Presumably, a similar spontaneous alignment of egg cytoskeleton into alternative orientations predisposes eggs to cleave dextrally or sinistrally in recessive homozygotes of the stochastic allele in two gastropod species (figure 2). In Model II (figure 1b), the initial signal triggering an alternative developmental pathway (A) could arise spontaneously on either the right or left side. Once initiated, lateral inhibition would then stabilize this asymmetry in one direction [53] .
(a) Deterministic and stochastic chiral blastomere movements during development
Early cleavage yields asymmetrical embryos at the four-or eight-cell stage in many protostome animals. The most familiar of these is spiral cleavage, seen in many spiralian protostomes (molluscs, annelids, nemerteans, flatworms, gnathostomulids and entoprocts) [68] . Cleavage orientation is typically fixed within species (with occasional reversals), and overwhelmingly clockwise (dextral) going from the four-to eight-cell stage when viewed from the animal pole in fully spirally cleaving groups [69] . Nonetheless, a few examples of invariant sinistral cleavage at the eight-cell stage are known in polychaetes [70] , bivalves [71] and sinistrally coiled gastropod species [45, 72] . Surprisingly, given the generally determinate cleavage seen in spiralian protostomes [73] , the chirality of early cleavage is not fixed in a wide range of taxa (table 3) . Most famously, in gastropod species that are polymorphic for coiling direction, the direction of shell coiling is directly tied to cleavage orientation. Species that normally have dextrally coiled shells exhibit dextral cleavage at the eight-cell stage. However, sinistral cleavage at the eight-cell stage, owing either to natural genetic variation [32, 85] or to experimental manipulation of blastomere arrangements [45, 75] , yields a snail with a sinistrally coiled shell. In addition, some polychaete embryos exhibit reversed chirality in up to 10% of single broods (table 3) . Curiously, all bivalves examined so far exhibit stochastic cleavage orientation transiting from the two-to four-cell stage even though they overwhelmingly sinistral or overwhelmingly dextral at the eight-cell stage (table 3) .
Rather unexpectedly, numerous crustaceans also exhibit embryonic asymmetry at the eight-cell stage (table 3) , even though their cleavage is not considered to be spiral [86] . In striking contrast to snails and polychaetes, though, both mirror image forms of eight-cell embryos are equally common within these species, and chiral embryo form is not obviously correlated with asymmetries in juvenile form. Like gastropods, but unlike bivalves, chirality at the eight-cell stage appears to depend on chirality at the four-cell stage.
Clearly, no simple rule governs whether the direction of asymmetrical early cleavages is deterministic or stochastic, or whether these cleavage asymmetries have any downstream phenotypic effects.
(b) Normal versus anomalous random asymmetry: the role of lateral inhibition
In many species, random asymmetry is the rule: the vast majority of individuals are asymmetric (species 1 -4, figure 4d ), but direction of asymmetry is random [4] . Sadly, little is known about the developmental steps that determine whether an individual becomes right-sided or left-sided in cases of random asymmetry. In some cases, random asymmetry could arise developmentally via a deterministic process like handed behaviour (see §3a). In these cases, experimental biasing of environmental effects to one side should cause symmetry to break in a predictable direction because the stimulus (A in figure 1b ) occurs on only one side. If laterally biased environmental effects do not yield a predictable direction of asymmetry in cases of random asymmetry, then clearly right-or left-sidedness is purely stochastic. In cases of anomalous random asymmetries-where conspicuously asymmetric individuals, like those bearing extra toes, extra mammae or lacking a normally dimorphic bilateral trait on one side, are the exception [87] -direction of asymmetry seems likely to be determined stochastically during development. Thinking of left-right asymmetry as a threshold trait, but where lateral inhibition (S in figure 1b) is lacking [98] , helps explain such anomalous asymmetries. During the development of a threshold trait (figure 4c), morphogen levels increase locally on each side at the same rate, on average. By chance, however, morphogen levels cross the threshold that induces transformation on one side before the other, or, alternatively, receptor sensitivity might differ slightly between sides. With no lateral inhibition, if morphogen levels continue to increase on the lagging side, it too will eventually transform. The frequencies of symmetrical (both sides small or both sides large) and asymmetrical (left large or right large) individuals should follow a binomial distribution, with some probability p that one side of the body transforms from small to large (figure 3c).
No one would argue that the asymmetrical wing covers in red firebugs (figure 4a) are anomalous in the 'unstable' laboratory line developed by Socha [88] , where a striking 26% of individuals show this anomaly (species 6, figure 4d). The story is less obvious for the dimorphic forelegs of dance flies (figure 4b), where much has been made about the possible functional significance of asymmetry [89] and the possible maintenance of left and right forms by frequency-dependent selection [99] . An equally plausible alternative hypothesis is that dance fly foreleg asymmetry simply represents an unusual case of an anomalous random asymmetry in a threshold trait.
Clearly, a continuum exists between normal (functionally significant) random asymmetries (species 1-4, figure 4d )-where conspicuously asymmetrical individuals predominate and lateral inhibition of one side after the other has transformed an essential development step (S in figure 1b)-and anomalous (likely non-functional) random asymmetries (species 7-9, figure 4d )-where conspicuously asymmetrical individuals are relatively rare and lateral inhibition is lacking [87] .
(c) Other examples of stochastic developmental pathways
Even in the highly deterministic development of nematodes, some cell fates are stochastic [100] . In Caenorhabditis elegans, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150417 six bilaterally symmetrical pairs of epidermal blast cells (P1/ 2-P11/12) lie on opposite sides of the body near the ventral midline. In the first larval stage, these cell pairs rotate relative to one another to align themselves along the ventral midline. After rotation, cell fate is fixed based on its position along the AP axis. Remarkably, sometimes the right member of a pair rotates anteriorly and sometimes the left member does. For most of the six epidermal blast cell pairs rotation is random, although rotation of the anteriormost (P1/2) and posteriormost (P11/12) pair is biased in some taxa. For example, the posteriormost cell (P12) typically comes from the right side in most Cephalobidae and from the left in Panagrolamidae. In the Rhabditidae, P12 comes from the right side in three species of Caenorhabditis, from the left in seven other species, and from the left or right member at random in Rhabditella axei and Pellioditis typica [100] . Once aligned along the ventral midline, however, fates of cells P1-P12 are fixed, so the end result is deterministic development.
Some curious stochastic developmental steps also occur in Drosophila oogenesis. Long before fertilization, maturing Drosophila egg chambers exhibit a pronounced rotation within their covering of follicle cells. This rotation is driven by lamellipodia of the enveloping follicle cells [101] and the rotation is essential to align actin bundles perpendicular to the long axis of the egg to ensure that the egg chambers elongate along the future AP axis. Without this rotation, eggs remain more or less spherical [67] . Remarkably, egg chambers rotate either clockwise or anticlockwise at random [66] depending on the orientation of microtubules [67] .
Stochastic steps can clearly occur as a part of normal and even highly regulated development. (a) Is direction of asymmetry determined 'locally' or 'globally'?
Local, global and persistent control of direction of asymmetry
Organisms that possess multiple asymmetrical structures permit a simple, qualitative test of how direction of asymmetry is determined during development of an individual: is it determined (i) locally (structure by structure) or (ii) globally (at the level of the whole body)? Local control of direction would yield discordant asymmetries, because asymmetry in one structure should be independent of that in another. Global control of direction would yield a consistent concordance among individuals (e.g. structures 1 and 2 always asymmetric in the same, or in the opposite, direction). The pattern of concordance of multiple asymmetries in crustaceans is decidedly mixed. In female king crabs (Lithodidae), the development of asymmetry of the claw and the abdomen (figure 5a) is tightly coupled-reversal in one is associated with reversal in the other-but independent of a seemingly invariant mandibular asymmetry [102] . King crabs are a charismatic family of sometimes large and bizarre looking crabs that include several important commercial species [104] . As a likely relic of their evolutionary origin from shell-bearing hermit crabs [105] , which have larger right-claws and soft, dextrally coiled abdomens, king crabs exhibit many conspicuous anatomical asymmetries, most notably in the abdomen of females and the claws of both sexes [104] . Like their putative hermit-crab ancestors, asymmetries of king crabs are generally fixed within species: larger (major) P1 chela on the right, female abdomen deflected towards the right (the male abdominal plates are not deflected). Nonetheless, females with reversed abdominal asymmetry occur in nature at low frequency in many species (fewer than 1 in 4000 in one species in one estimate [106] ). Curiously, reversed asymmetry can be quite common in laboratory cultures (20 -30%; table 4), suggesting a strong environmental component. Direct evidence of a strong genetic component to reversal is also lacking: the incidence of reversed larvae and juveniles did not differ among broods reared from three normal or one reversed female (table 4) . In all reported cases of reversed abdominal asymmetry in females, claw asymmetry was also reversed (figure 5a). Mandibular asymmetry, however, did not differ between normal and reversed Lopholithodes foraminatus: a denticulated lobe of the left mandible always fits into an indentation on the right [102] . Significantly, asymmetry did not reverse following autotomy of the larger claw in either normal or reversed individuals [102] , so direction of claw asymmetry is clearly fixed and determined globally.
Males of the fiddler crab Uca stylifera exhibit two striking asymmetrical structures (figure 5b): a massive signalling claw, typical of all male fiddler crabs [103] , and a bizarre, long filamentous style extending from the distal end of one eye whose function is unknown (J. H. Christy 2015, personal communication). This ocular style occurs on all males of U. stylifera, and variably in males of other species in the subgenus Uca [103] . A small sample of crabs reveals that these two extreme traits always occur on the same side of the body, confirming the claim by Crane [103, p. 125] that such styles occur 'on [the] major side only'. Clearly, direction of asymmetry in these traits is also determined globally here.
The rock-boring snapping shrimp, Alpheus saxidomus, also exhibits two impressive asymmetrical structures (figure 5b): the hypertrophied snapping claw on one side of the first rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150417 thoracic segment (P1) and snakelike feeding limbs on the second thoracic segment (P2), one of which is more than 25% longer than the other. Although the longer P2 is somewhat more common on the right side, direction of asymmetry of the P1 and P2 limbs is completely uncorrelated. So, in this example, direction of asymmetry is determined locallyindependently on each body segment-even though these segments are immediately adjacent to each other. Finally, a survey of rare bicolour lobsters (figure 6a-d) permits a test of whether the developmental anomaly that results in abnormal colouration of one side of the body has any effect on which side develops the large crusher claw. In most of the 23 bicolour lobsters surveyed, one entire side of the body exhibited an unusual colour (usually bright orange or bright blue). However, some exhibited rather bizarre colouration patterns ranging from a complex mosaic (figure 6b) through varying degrees of partial discolouration on one side ( figure 6c,d ). Among those with a discolouration clearly restricted to one side, the side of the crusher claw was independent of the side of abnormal colour (figure 6e). Perhaps this independence is not surprising, because abnormal colouration results from some (as yet unknown) developmental error during early cleavage and differential use determines which side develops into the crusher claw (see §3a).
(b) Is asymmetry reversed or induced following loss and regeneration?
Whether asymmetry is reversed or induced following loss and regeneration of a structure on one side of the body depends on both the trait and the taxon (table 5) . In some taxa, claw asymmetry does not reverse. In lobsters (Homarus), male fiddler crabs (Uca), and hermit and king crabs (Paguroidea), the large claw always regenerates on the same side of an individual. However, in other taxa, direction of asymmetry does reverse after loss of the larger structure: snapping shrimp claws (Alpheoidea), swimming crab claws (Portunoidea), mud crab claws (Xanthoidea) and the opercula of serpulid worms (Serpulidae). Curiously, whether asymmetry reverses after regeneration or not does not depend on whether asymmetry is random or fixed within species (table 5) . Most heterochelous brachyuran crabs (excluding fiddler crabs) are typically right-handed, with a small minority of left-handed individuals [114, 124, 125] . In very young individuals, the larger claw is almost universally on the right side [113, 117] . The proportion of left-handers tends to increase with increasing body size in some portunids [113, 126] and xanthids [119] , but not all [124, 127] .
Regenerated larger claws usually differ in form from nonregenerated ones. They tend to be smaller, they lack some dentition characteristic of major claws and they are often weaker [117, 122, 123, 128, 129] .
Loss and regeneration may also induce morphological asymmetry where one did not exist. For example, in normally homochelous species like crayfish, a regenerated claw often differs in size and shape from a normal claw, which renders a previously symmetrical individual asymmetrical after regeneration [130] . Such asymmetries persist even in regenerated first antennae of harpacticoid copepods [131] and regenerated second antennae of cladocerans water fleas [132] . Clearly, if direction of asymmetry does reverse after loss and regeneration of the overdeveloped side, the direction of asymmetry is not inherited.
(c) Bilateral inhibition mechanisms in asymmetrical crustacean claws
Experimental manipulations of the larger (transformed) claw provide some intriguing clues about the mechanism of bilateral inhibition (S, Model II, figure 1 ) that maintain asymmetry in normally asymmetrical crustaceans. In some remarkable experiments on the swimming crab Portunus trituberculatus, gluing the normally larger right chela closed at the megalopa (last larval) stage yielded a high incidence of young crabs with double-crusher claws [117] . These experiments suggest that inhibition of the 'major-claw' programme on the left side depends more on activity of, rather than the presence of, the right major claw. Similar evidence from snapping shrimp points to activity (rather than presence) of the snapper as key component of lateral inhibition: double-snapper snapping shrimp may be induced experimentally either by cutting the nerve that innervates the snapper claw [133] or by removing the movable finger (dactyl) of the snapper [108] . The mechanism of bilateral inhibition in these crustaceans clearly differs from lobsters, where no manipulations ever produced double-crusher individuals [53].
Summary and evolutionary significance
In species where direction of asymmetry varies, even where morphological asymmetries are quite conspicuous, modes of inheritance vary enormously. Direction of asymmetry may be determined by alternative alleles at a single locus, by effects of multiple loci, by asymmetric environmental effects, or by chance. While this variation may be troubling for those searching for unifying mechanisms, it permits a powerful test of a fundamental question about how development evolves: are genes leaders or followers in the evolution of novel forms? This question can be answered by mapping the different modes of inheritance-made easier for left-right asymmetries than for most other traits because of the discrete difference between right-and left-sided forms-onto phylogenetic trees for any taxon where mode of inheritance varies among species. If random asymmetry (no genetic basis to direction of asymmetry [3] ) is ancestral to fixed, then genetic determination of direction of asymmetry arose after conspicuous asymmetries, both right and left, already existed. The evidence to date is surprising: genes (for direction of asymmetry) are followers almost as often as they are leaders in the evolution of fixed left-right asymmetry [3] .
Although the evidence seems strong that genes are followers in a high percentage of origins of fixed asymmetries, one recurring question arises: how could genetic variation capture pre-existing phenotypic variation for direction of asymmetry? A potential answer to this fascinating question lies in enantiostylous Heteranthera multiflora, a species where all the styles on an individual plant bend in the same direction (either right or left, depending on the individual). Two facts render this system highly attractive: (i) in most Heteranthera species, direction of style bend varies at random within a single individual [134] , so direction is clearly not inherited. (ii) In Heteranthera multiflora two alleles at a single locus control direction of style bending [50] . Heteranthera multiflora most probably evolved from an ancestor that exhibited monomorphic enantiostyly (styles on flowers of an individual plant bend both right and left), as it has in other monocot clades where dimorphic enantiostyly has evolved [16, 134] . The obvious tantalizing questions are: (i) what gene determines style bending H. multiflora, and (ii) what was the inferred function of that gene in ancestors where style bend was not determined genetically? Answers to these questions would provide the first compelling evidence for how genetic variation 'captures' pre-existing phenotypic variation over evolutionary time.
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